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Photosystem IIhotosynthetic organisms. The cyanobacterium Synechocystis PCC 6803 protects
itself by dissipating the excess of energy absorbed by the phycobilisome, the water-soluble antenna of
Photosystem II, into heat decreasing the excess energy arriving to the reaction centers. Energy dissipation
results in a detectable decrease of ﬂuorescence. The soluble Orange Carotenoid Protein (OCP) is essential for
this blue-green light induced mechanism. OCP genes appear to be highly conserved among phycobilisome-
containing cyanobacteria with few exceptions. Here, we show that only the strains containing a whole OCP
gene can perform a blue-light induced photoprotective mechanism under both iron-replete and iron-
starvation conditions. In contrast, strains containing only N-terminal and/or C-terminal OCP-like genes, or no
OCP-like genes at all lack this light induced photoprotective mechanism and they were more sensitive to
high-light illumination. These strains must adopt a different strategy to longer survive under stress
conditions. Under iron starvation, the relative decrease of phycobiliproteins was larger in these strains than
in the OCP-containing strains, avoiding the appearance of a population of dangerous, functionally
disconnected phycobilisomes. The OCP-containing strains protect themselves from high light, notably under
conditions inducing the appearance of disconnected phycobilisomes, using the energy dissipation OCP-
phycobilisome mechanism.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Cyanobacteria are prokaryotes performing oxygenic photosynth-
esis. They are not only the major contributors to the initial oxygen
evolving in the atmosphere but also the ancestors of eukaryotic algae
and higher plants. To harvest light, most cyanobacteria use a large
membrane extrinsic complex called the phycobilisome (PB), com-
posed of chromophorylated phycobiliproteins and of linker peptides
(for reviews, see [1–5]). The PB consists of an allophycocyanin (APC)
core fromwhich rods radiate. While inmany freshwater cyanobacteria
the rods contain only phycocyanin (PC) and sometimes phycoerythrin
(PE) or phycoerythrocyanin (PEC) at the distal end of the rods, marine
cyanobacteria are usually rich in PE. These complexes are attached to
the outer surface of the thylakoid membranes [6] via the large,
chromophorylated, core membrane linker protein LCM [7], which also
serves as PB terminal energy acceptor. Harvested light energy is
transferred from LCM to the chlorophylls (Chls) of photosystem II (PSII), 91191 Gif sur Yvette, France.
y).
ll rights reserved.and I (PSI) [8,9]. In addition to the PBs, cyanobacteria contain two Chl
membrane antenna proteins, CP43 and CP47.
Cyanobacteria, like plants and algae, have developed physiologi-
cal mechanisms allowing acclimation and survival in a wide range of
environmental conditions. State transitions, which are induced by
changes in the redox state of the plastoquinone (PQ) pool, regulate
the energy distribution between the two photosystems [10–12].
Exposure of photosynthetic organisms to light absorbed predomi-
nantly by PSII causes the reduction of the PQ pool and a relative
decrease of the PSII ﬂuorescence yield (State 2) and conversely,
illumination with light preferentially absorbed by PSI induces the
oxidation of the PQ pool and a relative increase of the ﬂuorescence
yield (State 1).
Exposure of oxygenic photosynthetic organisms to strong light can
severely damage their photosynthetic apparatus, a phenomenon
known as photoinhibition due to oxidative damage induced by
excessive excitation [13–16]. Energy dissipation as heat in the
antennae is a process that helps decreasing the amount of energy
reaching the reaction centers and then reduces the probability of
photosystem photoinactivation. It has been recently demonstrated
that in cyanobacteria, like in plants, there exists an energy dissipating
mechanism accompanied by a diminution of PSII ﬂuorescence
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thermal dissipation of the energy absorbed by the PBs resulting in
the decrease of the PB ﬂuorescence emission and of the energy
transfer from the PBs to the reaction centers [18–20]. This process is
not affected by transthylakoidal pH variations [20], excitation pressure
on PSII, or by changes in the redox state of the PQ pool [18–20]. It is
however light irradiance and quality dependent [18,20]. Rakhimber-
dieva et al. [18] showed that the action spectrum of the PB
ﬂuorescence quenching resembled the absorption spectrum of
carotenoids. Subsequently, Wilson et al. [20] demonstrated that in
Synechocystis sp. PCC 6803 (hereafter called Synechocystis), this energy
dissipation mechanism involves the so-called orange carotenoid
protein (OCP). In the absence of OCP, the ﬂuorescence quenching
induced by strong white or blue-green light is fully inhibited and
Synechocystis cells are more sensitive to high light [21]. The water-
soluble OCP is a 35kD protein containing a single non-covalently
bound carotenoid [22–25] which in Arthrospira maxima and Syne-
chocystis is a 3'-hydroxyechinenone [26,27]. The OCP contains an α-
helical N-terminal domain and an α-helical/β-sheet C-terminal
domain [26]. The hydroxyechinenone molecule spans both N- and
C-terminal domains [26]. The fact that the action spectrum of the PB
ﬂuorescence quenching exactly matches the absorption spectrum of
the carotenoid 3'-hydroxyechinenone in the OCP (compare ﬁgures in
[28] and [18]) allowed Wilson et al. [20] to propose that absorption of
light by the carotenoid of the OCP induces changes in the carotenoid
and the protein leading to energy dissipation (and ﬂuorescence
quenching) through interaction with the PB core. It has been recently
demonstrated that the OCP is indeed a photoactive protein with an
“active” red form. The absorbance of light by the OCP, which appears
orange under resting conditions, induces structural changes in the
carotenoid and the protein; this converts the dark stable orange form,
into a red relatively unstable active form. The red form accumulates
under conditions in which cyanobacteria need photoprotection
including high light and cold. Moreover the red OCP form was
detected in vivo under conditions that induce the PB-related
ﬂuorescence quenching [27].
Because photosynthetic reactions rely on a number of iron-
containing proteins, iron-depletion stress often causes a reorganisa-
tion of the regulation of light utilisation. For instance, in many
cyanobacteria, the Chl-binding IsiA protein is induced in response to
iron depletion [29,30] and other stress conditions (such as salt stress,
oxidative stress, and high-light stress [31–33]) forming rings around
PSI [34,35]. It has been proposed that IsiA is involved in the generation
of the large blue-green light induced NPQ observed in Synechocystis
under iron depletion [36,37]. Recent studies however demonstrated
that this iron-depletion induced NPQ was OCP- but not IsiA-
dependent [21,38], conﬁrming the essential role of the OCP in the
acclimation of Synechocystis to environmental changes.
The function of the OCP in the photoprotective PB-related thermal
dissipating mechanism has been examined only in Synechocystis cells.
It is however not known if this important OCP-related mechanism is
widespread in the cyanobacterial radiation. Moreover, the question
about light induced photoprotective mechanisms in cyanobacterial
strains lacking the whole OCP gene remains open. In this study, we
investigated whether the presence of the OCP gene is systematically
associated to the ability to perform blue-green light induced
ﬂuorescence quenching in a panel of phylogenetically diverse
cyanobacteria, isolated from various aquatic habitats. We then more
speciﬁcally compared the effect of high light and iron starvation on the
induction of NPQ and state transitions in three of these cyanobacteria
showing distinct OCP gene conﬁgurations: (i) Arthrospira maxima
containing the whole OCP as in Synechocystis, (ii) Synechococcus
elongatus PCC 7942, lacking the OCP gene, and (iii) Thermosynecho-
coccus elongatus, which contains two consecutive genes encoding the
C- and N-terminal part of the OCP, respectively, but no whole OCP
gene.2. Materials and methods
2.1. Culture conditions
The mesophylic freshwater cyanobacteria Synechocystis PCC
6803, Arthrospira maxima, Anabaena variabilis and Synechococcus
elongatus PCC 7942 cells were grown photoautotrophically in a
modiﬁed BG11 medium [39] containing double amount of sodium
nitrate. Cells were kept in a rotary shaker (120 rpm) at 30 °C,
illuminated by ﬂuorescent white lamps giving a total intensity of
about 30–40 μmol photons m−2 s−1 under a CO2-enriched atmo-
sphere. Thermophilic Thermosynechococcus elongatus cells were
grown under similar conditions to the other freshwater cyanobac-
teria but in a DTN medium [40] and at 45 °C. The cells were
maintained in the logarithmic phase of growth and were collected
at OD800=0.6–0.8. The construction of the ΔOCP mutant, in which
the slr1963 gene is interrupted by a spectinomycin/streptinomycin
resistance cassette was described in Wilson et al. [20].
The marine picocyanobacteria Synechococcus strains RS9917,
WH8018, RCC307 and WH8102 were grown in PCR-S11 medium [41]
in polystyrene culture ﬂasks at 22±1 °C and 25 μmol photons m−2 s−1
white light, provided by ﬂuorescent tubes (Sylvania Daylight). Origins
of the strains are described in [42].
2.2. Iron starvation
Freshwater cyanobacterial cells were collected in the logarithmic
phase of growth, precipitated, resuspended (OD800=0.6) in the
modiﬁed BG11 medium [39] or DTN [40] lacking Fe and grown
under medium light (90–120 μmol photons m−2 s−1). During the ﬁrst
week, the cells were diluted every 3 days to maintain the cell
concentration within an OD800 ranging from 0.6 to 1.2. The second
week, a last dilution was done after 4 days.
2.3. Absorbance measurements
Cell absorbance was monitored with an UVIKONXL spectro-
photometer (SECOMAN, Alès). The phycobiliprotein (PC+APC) to
Chl ratio was calculated from the absorbance spectra using the
following formula: (OD625−OD800) / (OD681 or OD673−OD800). The
measurement of PC+APC at 625 nm is affected by underlying
contributions from the absorbance of carotenoids and Chl. Despite
this difﬁculty, we considered that this index gave a fair reﬂection of
the changes in the PC to Chl ratio during iron starvation. Chl content
was determined in methanol using the extinction coefﬁcient at
665 nm of 79.24 mL mg−1 cm−1.
2.4. Fluorescence measurements
Cell ﬂuorescence was monitored with a pulse amplitude modu-
lated ﬂuorometer (101/102/103-PAM for freshwater strains or Xenon-
PAM for marine strains; Walz, Effelrich, Germany). All NPQ and state
transition induction measurements were carried out in a stirred
cuvette of 1 cm diameter at growth temperature. After illuminating
dark-adapted cells with low irradiance of blue-green light (400–
550 nm, 80 μmol photons m−2 s−1) for about 1 min, ﬂuorescence
quenching was induced by 740 μmol photons m−2 s−1 of blue-green
light for about 2 min; and the cells were then shifted back to low blue-
green light. For state transition measurements, after illuminating cells
with low intensity blue-green light (400–550 nm, 80 μmol photons
m−2 s−1), transition to State 2 was induced by orange light (600–
650 nm) at 20 μmol photons m−2 s−1 of light intensity; and then cells
were re-illuminated with low blue-green light.
The minimal ﬂuorescence level in dark-adapted sample (Fo) was
determined by illuminating dark-adapted cells with a low, modulated
light that preferentially excited the major phycobiliprotein (1.6 kHz,
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0.1 μmol photons m−2 s−1, 520 nm for marine strains). Saturating
pulses (2000 μmol photons m−2 s−1, 1 s for freshwater cyanobacteria
and 4000 μmol photons m−2 s−1, 0.5 s for marine cyanobacteria) were
applied to measure the maximal ﬂuorescence levels Fmd and Fm' in
dark- and light-adapted samples, respectively. Application of such
pulses that transiently close all the PS II centers serves to distinguish
between photochemical quenching (qp) and NPQ.
Fluorescence emission spectra at 77 K were measured by a CARY
Eclipse ﬂuorescence spectrophotometer (Varian, USA). The cells were
at a concentration of 3 μg Chl mL−1. For 77K spectra, samples in NMR
tubes (5mmdiameter) were quickly frozen by immersion in amixture
of ice, CO2 and ethanol and then in liquid nitrogen.
2.5. Membrane-phycobilisome bound (MP) preparations and OCP
immunodetection
Freshwater cyanobacteria cells (at a 1 mg Chl mL−1 concentration)
were resuspended in a 0.7 M K-phosphate/0.3 M Na-Citrate (pH 6.8)
buffer and broken in a mini-bead beater in the presence of glass beads.
Beads and unbroken cells were discarded by mild centrifugation and
the MP fractions were collected by centrifugation at 20,000 ×g and
frozen at −80 °C until used for gel electrophoresis. MP fractions of
freshwater cyanobacteria were analyzed by SDS-PAGE on a 12%
polyacrylamide/2 M urea in a TRIS/MES system [43]. For immunode-
tections of the OCP in marine Synechococcus, a slightly different
procedure was used. Brieﬂy, cells were harvested by centrifugation
and the proteins were extracted by 2 thawing-sonicating rounds inTable 1
Occurrence of OCP encoding genes and its shorter paralogs in cyanobacterial strains class
Synechocystis OCP
Strain OCP genes
Synechocystis PCC 6803 slr1963
Arthrospira maxima OCP_SPIMA P83689
Microcystis aeruginosa NIES-843 MAE18910
Lyngbya sp PCC 8106 L8106_29210
Cyanothece sp CCY0110 CY0110_09677
Cyanothece sp ATCC51142 cce_1649
Nostoc sp PCC 7120 All3149
Anabaena varaibilis ATCC29413 Ava_3843
Synechococcus sp PCC 7002 SYNPCC7002_A2810
Synechococcus sp WH5701 WH5701_04010
WH5701_00210
(219 a a)
Nostoc punctiforme PCC 73102 Npun02003015
Npun02000033
Synechococcus sp RCC307 RCC307_1992
Synechococcus sp RS9917 RS9917_00692
Synechococcus sp WH7803 SynWH7803_0929
Synechococcus sp CC9311 Sync_1803
Synechococcus sp BL107 BL107_14105
Synechococcus sp WH7805 WH7805_01202
Synechococcus sp CC9902 syncc9902_0973
Synechococcus sp WH8102 SYNW1367
Nodularia spumigena CCY9414 N9414_13085
Gloeobacter violaceus PCC 7421 glr3935 (274aa)
glr0050
Crocosphaera watsonii WH 8501
Thermosynechococcus elongatus BP-1
⁎ Protein identity (%) obtained with BLASTP (programs search protein databases using a plithium dodecyl sulphate extraction buffer. Total proteins of marine
Synechococcus were analyzed on a 4–12% gradient acrylamide precast
NuPAGE gel (Invitrogen). The OCP proteinwas detected by a polyclonal
antibody against OCP [21].
3. Results
3.1. OCP genes in different cyanobacteria strains
In Synechocystis, the OCP is encoded by the slr1963 gene, which
was described a decade ago [25]. Screening of the currently available
cyanobacterial genomic databases showed that genes homologous to
the Synechocystis slr1963 gene are present in most PB-containing
cyanobacteria (Table 1). Highly conserved homologs were indeed
found in the genome of most sequenced cyanobacteria, with various
gene identities relative to the Synechocystis OCP gene. The identity
factor of OCP homologs relative to Synechocystis OCP varies between
50 (Gloeobacter violaceus) and 82% (Arthrospira maxima). The marine
Synechococcus OCP sequences which present a lower similarity to
the Synechocystis OCP than those present in freshwater cyanobacteria,
are very similar among each other, with an identity factor varying
from 95 to 77%. Gloeobacter violaceous and Nodularia OCPs present a
low similarity to both marine and freshwater OCPs. Among PB-
containing cyanobacteria, only few strains do not have an OCP gene
homolog, including the freshwater Synechococcus elongatus PCC 7942
and PCC 6301, the thermophile Thermosynechococcus elongatus, Sy-
nechococcus sp. A and Synechococcus sp. B', and the marine Syne-
chococcus sp. CC9605 and Crocosphaera watsonii WH8501. Whileiﬁed by decreasing percentage of the corresponding protein identity compared to the
ID⁎ (%) OCP-Nter genes OCP C-ter genes
100
82 ? ?
81
80 L8106_29395 L8106_29390
L8106_04666
78 CY0110_08696 CY0110_08806
78 cce_1537 cce_0742
cce_1991
75 All1123 All4940
Alr4783
All4941
All3221
75 Ava_2052 Ava_2231
Ava_2230
Ava_4694
72
68
60
66 Npun02005000 Npun02003027
55 Npun02001317
Npun02003030
Npun02004998
65
64
64
64
63
63
63
62
56 N9414_12098 N9414_22253
N9414_22258
50 gll0260 (217) glr2503
49 gll0259
CwatDRAFT_0985 CwatDRAFT_5349
tll1269 tll1268
rotein query).
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of the OCP gene at all, T. elongatus and C. watsonii WH8501 however
contain two ORFs coding for both the N- and the C-terminal part ofthe OCP (Table 1). In T. elongatus, they occur as separate but adjacent
genes, whereas in C. watsonii, they are in different parts of the
genome.
Synechocystis,Mycrocystis aeruginosa and all marine Synechococcus
contain only the whole OCP gene but other cyanobacteria including
Lyngbya sp PCC 8106, Cyanothece CCY0110, Nostoc sp. PCC 7120, Ana-
baena variabilis, Nostoc punctiforme PCC 73102, Nodularia spumigena
CCY9414, andGloeobacter violaceus PCC 7421, have in additionmultiple
gene copies encoding the N-terminal domain and a single copy of the
gene coding for the C-terminal domain, located in disparate parts of
the genome (Table 1). Noteworthy, Prochlorococcus strains, a PB-
lacking cyanobacteria phylum, do not contain any trace of OCP gene.
3.2. Blue-green light induced NPQ in OCP-containing and OCP-lacking
cyanobacteria strains
We tested whether the presence of the OCP is associated to the
ability of cells to perform blue-green light induced ﬂuorescence
quenching. We ﬁrst compared the freshwater A. maxima and A.
variabilis strains, containing OCP genes with high identity to the
slr1963 gene, and T. elongatus and S. elongatus PCC 7942 (hereafter
called S. elongatus) strains lacking the entire OCP gene. The presence
of the OCP protein in these cyanobacteria strains was checked by
immunodetection using a polyclonal antibody obtained with a
recombinant Synechocystis OCP (Fig 1A). We detected a 35kD OCP
band in Synechocystis (used as control), A. maxima and A. variabilis.
The antibody reacted better with A. maxima than with A. variabilis
OCP in agreement with the lower similarity of the latter protein with
Synechocystis OCP (Table 1). No bands at 35kD (or at lower molecular
weight) were detected in the ΔOCP Synechocystis mutant (used as
negative control), in S. elongatus (no homolog of OCP gene) and T.
elongatus (only N- and C-terminal OCP-like genes).
Induction of the blue-light induced ﬂuorescence quenching was
monitored using a PAM ﬂuorometer. In dark-adapted cyanobacteria
cells, the PQ pool is reduced and the cells are in the low PSII
ﬂuorescent State 2 [44,45] (Fig. 1B to E). S. elongatus cells (Fig. 1D)
presented a noticeable higher Fo level (the minimal ﬂuorescence level
in dark-adapted cells) than the other cyanobacteria strains at equal Chl
concentration, probably because of a higher PC to Chl ratio content
compared to the other strains, as shown by its absorbance properties
(Fig. 5). In a PAM ﬂuorometer using a 650 nm measuring light
efﬁciently absorbed by the PBs, the Fo level of PC-rich cyanobacteria
strains varies according to the cellular phycobiliprotein concentration
[46,47]. Upon illumination of dark-adapted cells by low intensities of
blue-green light, exciting preferentially PSI, an increase of the
maximal ﬂuorescence level (Fm') was observed in all strains and
State 1 was reached. The transition to State 1 is induced by the
oxidation of the PQ pool that occurs in the dark to light transition. The
increase of ﬂuorescence was always slower in S. elongatus cells,
suggesting that the PQ pool is more reduced in darkness and/or the
relative movement of the photosystems and/or the PBs is slower in S.
elongatus compared to the other strains (Fig. 1D). Then, exposure of
cells to strong blue-green light induced the quenching of the maximal
ﬂuorescence (Fm') in A. maxima and A. variabilis, the OCP-containing
strains, as previously described in Synechocystis cells [20]. Fluores-
cence spectra measurements and the study of the photoprotective
mechanism in PB and PSII mutants of Synechocystis indicated that thisFig. 1. OCP immunodetection and blue-green light induced ﬂuorescence quenching in A.
variabilis, A. maxima, S. elongatus and T. elongatus cells. (A) OCP immunoblots of MP
fractions isolated from the Synechocystis wild type (1), the ΔOCP Synechocystis mutant
(2), A. variabilis (3), A. maxima (4), S. elongatus (5) and T. elongatus (6). Each lane
contained 1 μg of Chl. (B to E)Measurements of ﬂuorescence yield by PAM ﬂuorometry in
A. variabilis (B), A. maxima (C), S. elongatus (D) and T. elongatus (E) dark-adapted cells (at
3 μg ChlmL−1) illuminated successivelywith low (400–550nm, 80 μmolphotonsm−2 s−1)
and high blue-green light (740 μmol photons m−2 s−1); and then again with dim blue-
green light. Saturating pulseswere applied tomeasuremaximalﬂuorescence levels (Fm').
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emission of PBs [18–20]. In contrast, exposure of S. elongatus and T.
elongatus, the OCP-lacking strains, to strong blue-green light did not
induce any ﬂuorescence quenching, suggesting that the whole OCP is
essential for its induction. Our results moreover suggest that the
products encoded by the OCP N- and C-terminal homologs of T.
elongatus do not participate in the blue-green induced NPQ, at least
under regular growth conditions.
Marine Synechococcus strains also contain OCP genes but with a
lower identity to the slr1963 gene. In addition, their PBs show
various structures and usually contain not only PC but also PEs,
both binding various phycobilins [48]. Representative strains of the
marine Synechococcus cluster were chosen to test the presence of
blue-light induced NPQ: Synechococcus sp. RS9917 (containing only
PC, Amax=620 nm), Synechococcus sp. WH8018 (containing PE-I,
Amax=570 nm), Synechococcus sp. WH8102 and Synechococcus sp.
RCC307 (containing PE-I and PE-II with phycoerythrobilin
(Amax=550 nm) and phycourobilin (Amax=495 nm) chromophores).
The OCP gene of Synechococcus sp. WH8018 has not been sequenced
yet, but this marine cyanobacterium is very similar to Synechococcus
sp. WH7805 [42] which does contain it. Fig. 2A shows that the OCP
antibody recognized a 35 kDa polypeptide in all these strains. The
antibody reacted much better with the freshwater OCPs thanwith the
marine ones, in agreement with the lower similarity of these proteins
to the Synechocystis OCP.
The induction of the blue-light induced ﬂuorescence quenching
was monitored using a PAM ﬂuorometer. Exposure of dark-adapted
marine Synechococcus cells to low intensities of blue-green light
induced an increase of the maximal ﬂuorescence level in all strains
related to the transition to State 1 (data not shown); then exposure of
these high ﬂuorescent cells to strong blue-green light induced the
quenching of the maximal ﬂuorescence like in the freshwater OCP-
containing strains (Fig. 2B). Although in PE-containing strains, blue-Fig. 2. OCP immunodetection and blue-green light induced ﬂuorescence quenching in
marine cyanobacteria. (A) OCP Immunoblots of total proteins isolated from the marine
cyanobacteria Synechococcus RS9917 (1), Synechococcus WH8018 (2), Synechococcus
RCC307 (3) and Synechococcus WH8102 (4). Each lane contained 3 μg of total proteins.
(B) Changes in maximal ﬂuorescence levels (Fm') in Synechococcus WH8018 (square),
Synechococcus WH8102 (diamond), Synechococcus RS9917 (circle) and Synechococcus
RCC307 (triangle) cells (at 1 μg Chl mL−1) adapted to low blue-green light (400–550 nm,
80 μmol photons m−2 s−1) and then illuminated successively with high (740 μmol
photons m−2 s−1) and low blue-green light. The variations are shown as percentages of
the initial Fm' under low blue-green light, just prior to illumination with high blue-
green light. Fluorescence yield changes were detected in a PAM ﬂuorometer and
saturating pulses were applied to measure maximal ﬂuorescence levels.green light is absorbed not only by Chl but also by PBs, it is very
unlikely that the observed ﬂuorescence quenching, induced by strong
blue-green light was related to a transition to State 2. Low intensities
of blue-green light induced State 1 transition indicating that this light
caused the oxidation of the PQ pool due to higher PSI than PSII activity
under this light condition. When the marine Synechococcus were
brought back to low blue-green light, NPQ relaxation was observed,
i.e. Fm' increased (Fig. 2B). Thus, even in cyanobacteria strains with
lower OCP gene similarity to Synechocystis and different PB structure
and composition, high intensities of blue-green light induced NPQ
while low intensities of blue-green light induced the oxidation of the
PQ pool and State I transition like in PE-lacking strains.
3.3. Blue-green light induced NPQ in iron-starved cyanobacteria cells
Under iron starvation conditions, blue-green light causes a large
reversible ﬂuorescence quenching [21,36–38]. A larger quenching of
Fo and Fm, correlated to a higher concentration of OCP per Chl is
induced in iron-starved than in iron-replete wild-type Synechocystis
cells [21]. Here, we compared the behavior of three other cyanobac-
teria showing different OCP gene conﬁgurations, T. elongatus, A.
maxima and S. elongatus, grown in iron-depletion conditions. Fig. 3
shows the ﬂuorescence traces of 10 days iron-starved cells of A.
maxima, T. elongatus, and S. elongatus. Compared to replete cells (Fig.
1), the Fo level slightly decreased in T. elongatus and S. elongatus cells
while it increased in A. maxima, as observed for Synechocystis [21]. The
Fo level depends not only on the concentration of phycobiliproteins
but also on the functional coupling of PBs: energetically coupled PBs
show a low yield of ﬂuorescence emission, while uncoupled PBs show
a high yield. It has already been shown that the high Fo level of
extended iron-starved Synechocystis cells is largely related to a
population of functionally disconnected PBs. This seems to be also
the case in A. maxima cells (see below). When dark-adapted cells were
illuminated with dim blue-green light, no or very little changes were
observed in the level of Fm' in any of the three strains (Fig. 3; see also
the state transitions section). Then, illumination with high intensities
of blue-green light induced ﬂuorescence quenching only in A. maxima
cells, the strain containing the OCP. A larger ﬂuorescence quenching
was observed in iron-starved A. maxima cells compared to iron-
replete cells (Fig. 4). This larger ﬂuorescence decrease corresponded to
a higher OCP to Chl ratio (Fig. 4).
3.4. Characteristics of iron-starved cells: absorbance and ﬂuorescence
spectra
We further characterized the iron-starved cells to elucidate
whether the strains presenting or not the OCP-related photoprotective
mechanism use different physiological strategies to cope with iron
starvation. Fig. 5 compares the absorption spectra of iron-replete and
10-days iron-starved cells. In all the strains after 3 days of iron
starvation, we observed a shift of the Chl peak from 681 to 673 nm
characteristic of the accumulation of the IsiA protein [29,30]. A large
decrease of phycobiliproteins (PC and APC) and Chl was also observed
in iron-starved cells as seen by the lower absorption at about 625 nm
and 673–681 nm, respectively. This was described by previous studies
[49–52]. The Chl per cell content decreased with similar kinetics to a
similar extent in all three strains (data not shown). It is howeverworth
noting that, under iron starvation, while in A. maxima and Synecho-
cystis cells the phycobiliprotein to Chl ratio remained constant or
slightly increased, in T. elongatus and S. elongatus this ratio decreased,
indicating a faster decrease of the phycobiliprotein content compared
to the Chl content in these two strains (Fig. 5D).
PSI, PSII and thylakoid content are known to decrease during iron
starvation, with the decrease in PSI being the most marked [49,52–
54]. Fluorescence emission spectra using excitation light at 430 nm,
which is preferentially absorbed by Chl, and at 600 nm, which is
Fig. 4. Blue-green light induced ﬂuorescence quenching in iron-replete and iron-deplete
A. maxima cells. Blue-green light induced decrease of the maximum ﬂuorescence level
(Fm') measured by saturating ﬂashes with a PAM ﬂuorometer, in iron-containing (+Fe)
and 10 days iron-starved (−Fe) A. maxima cells. Insert: OCP immunoblot of MP fractions
from these cells (each lane contained 1 μg of Chl). The data represent the mean of 3
independent measurements with the indicated standard deviation.
Fig. 3. Changes in ﬂuorescence yield induced by high blue-green light in iron-starved A.
maxima (A), S. elongatus (B) and T. elongatus (C) cells. 10 days iron-starved dark-adapted
cells (at 3 μg Chl mL−1) were illuminated successively with low (400–550 nm, 80 μmol
photons m−2 s−1) and high blue-green light (740 μmol photons m−2 s−1); and then again
with low blue-green light. Fluorescence yield changes were detected with a PAM
ﬂuorometer and saturating pulseswere applied tomeasuremaximalﬂuorescence levels.
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changes in the photosynthetic apparatus under iron starvation. When
iron-replete and iron-deplete A. maxima, T. elongatus and S. elongatus
cells were excited at 430 nm (Fig. 6), the 77 K ﬂuorescence spectra
showed bands at 685 nm and 695 nm related to the inner antennae
CP43 and CP47 of PSII, respectively [55,56] and a larger PSI-related
band at 730 nm. The PSI to PSII ratio appeared to differ among strains,
being higher in A. maxima and T. elongatus than in S. elongatus. First,
an increase in the ﬂuorescence PSII (685 and 695 nm peaks) to PSI
ratio was observed. This is in accordance with the fact that the content
of PSI which contains 4Fe-S centers, decreased faster than that of PSII
[49,52,57]. It was also proposed that the increase of the PSII to PSI
ﬂuorescence ratio reﬂects that the dark iron-replete cells are in State 2
while the dark iron-depleted cells are in State 1 [58]. All strains then
showed amarked increase of the emission at 685 nm relative to that at
695 nm. This increase is related to the accumulation of IsiA aggregatesnot associated to PSI, as previously described by Yeremenko et al. [59].
We also observed in the three strains the typical shift of the PSI-
related peak from 730 nm to 725 nm, related to IsiA complexes
surrounding PSI [29,57,60,61] (Fig. 6).
When 600 nm light was used for excitation, the resulting 77 K
ﬂuorescence emission spectrum presented bands related to PC
(650 nm), APC (660 nm), PSII (685 and 695 nm), and PSI (730 nm)
(Fig. 7). Fluorescence emission from both the CP47 and the reaction
centre II contributed to the 695 nm emission. The emission at 685 nm
is principally related to the PB terminal emitter and, to a lesser extent
to the CP43 antenna of PSII [7,56]. When empty IsiA complexes are
present, their ﬂuorescence emission also contributes to the 685 nm
peak. In the early phases of iron starvation, A. maxima cells showed an
increase in the ratio of PSII ﬂuorescence (685 and 695 nm peaks) to PSI
ﬂuorescence. This was concomitant with a higher Fv to Fo ratio
suggesting an increased PSII to PSI ratio. Then, extended iron
starvation resulted in a large emission at 685 nm, thought to
principally result from the accumulation of functionally disconnected,
therefore highly ﬂuorescent PBs, as previously described in iron-
starved Synechocystis cells [21]. In contrast, in T. elongatus and S.
elongatus iron-starved cells, although an increase in the ﬂuorescence
PSII to PSI ratio was also observed, the ﬂuorescence emission related
to thewhole PBs (685 nm) as well as those related to PC and APC (650–
660 nm) decreased indicating that in these strains there is no
accumulation of functionally uncoupled PBs. Thus, T. elongatus and S.
elongatus cells behave differently than Synechocystis and A. maxima
cells under iron-starvation conditions: in the former strains, phyco-
biliprotein content decreases faster than Chl content and there is no
accumulation of functionally uncoupled PBs. This is probably essential
for the longer survival of the cells in the absence of the photo-
protective blue-green light induced NPQ mechanism.
3.5. Photoinhibition in strains containing or not OCP
NPQ is associated to mechanisms that protect higher plants from
high light particularly under conditions of ﬂuctuating light intensities
[62]. Thus, we tested the sensitivity of OCP-containing and -lacking
strains to several short periods of high light intensities. For this study,
we used A. maxima cells with large (induced by 15 days iron
starvation) and small NPQ, Synechocystis cells with relatively small
NPQ and S. elongatus and T. elongatus without NPQ. Fig. 8 shows the
variations of Fm' in cells adapted to low intensities of blue-green light
that were transiently illuminated with saturating white light. Fm'
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intensities of blue-green light, a large recovery of Fm' was observed in
the OCP-containing strains A. maxima and Synechocystis (Fig. 8). Thus,
the Fm' decrease was largely related to NPQ and not to photoinhibi-Fig. 6. Variations of 77Kﬂuorescence emission spectra (excitation at 430nm) induced by
iron starvation in A. maxima (A), S. elongatus (B) and T. elongatus (C) cells. The 77 K
ﬂuorescence spectra of iron-replete cells (solid line, +Fe), 6 days iron-depleted cells
(dashed line, −Fe) and10 days iron-depleted cells (dotted line, −Fe). The cellswere at 3 μg
Chl mL−1. The 77 K ﬂuorescence spectra were normalized to the ﬂuorescence emitted at
800 nm. Each spectrum is the mean of 3 replicates. The ﬁgure shows a representative
iron-starvation experiment; the experiments consistently showed similar ﬂuorescence
changes and kinetics.tion. In contrast, in T. elongatus and S. elongatus cells, which are not
able to induce NPQ, Fm' decreased as a result of photoinhibition with
almost no recovery (only 5%), within the 20 min following the high-
light treatment. These results also show that high irradiances of whiteFig. 5. Variations of the cell absorption properties during iron starvation in A. maxima,
S. elongatus and T. elongatus cells. Absorbance spectra of iron-containing (solid line,
+Fe) and 10 days iron-starved (dashed line, −Fe) (A) A. maxima, (B) S. elongatus and (C)
T. elongatus cells. The absorbance spectra were normalized to the absorbance at
800 nm. (D) Changes in the Phycocyanin (PC) to Chl ratio during iron starvation in A.
maxima (solid line), Synechocystis (dashed line), T. elongatus (solid line with diamonds)
and S. elongatus (dotted line). The variations are shown as percentages of iron-replete
cells. Each curve is the mean of 3 replicates with error bar representing standard
deviation.
Fig. 7. Variations in 77 K ﬂuorescence emission spectra (excitation at 600 nm) induced
by iron starvation in A. maxima (A), S. elongatus (B) and T. elongatus (C) cells. 77 K
ﬂuorescence spectra of iron-replete cells (solid line, +Fe), 6 days iron-depleted cells
(dashed line, −Fe) and 10 days iron-depleted cells (dotted line, −Fe). The cells were at
3 μg Chl mL−1. The 77 K ﬂuorescence spectra were normalized to the ﬂuorescence
emitted at 800 nm. Each spectrum is the mean of 3 replicates. The ﬁgure shows a
representative iron-starvation experiment; the experiments consistently showed
similar ﬂuorescence changes and kinetics.
Fig. 8. Photoinhibition in A. maxima, Synechocystis, S. elongatus and T. elongatus cells.
Changes in maximal ﬂuorescence levels (Fm') during different illuminations in (A) A.
maxima (15 days iron-starved), (B) Synechocystis, (C) A. maxima (iron-replete), (D) T.
elongatus and (E) S. elongatus cells. Dark-adapted cells (at 3 μg Chl mL−1) were pre-
illuminatedwith low blue light (400–550 nm, 80 μmol photonsm−2 s−1), illuminated for
3 minwith saturating white light (2500 μmol photons m−2 s−1) and then againwith low
blue-green light. Fluorescence yield changes were detected with a PAM ﬂuorometer and
saturating pulses were applied to measure maximal ﬂuorescence levels.
Table 2
Decrease of variable ﬂuorescence (Fv) during illuminationwith high intensities of white
light
3 min (% of
initial Fv±5%)
8 min (% of
initial Fv±5%)
12 min (% of
initial Fv±5%)
A maxima(high NPQ) 98 81 70
A maxima(low NPQ) 86 74 61.5
Synechocystis 88 75 61
S elongatus 80 62 42
T elongatus 75 57 38
Cells were illuminated with high intensities of white light (2500 μmol photons m−2 s−1)
for 3 min, 8 min (4 periods of 2 min separated by 5 min of low blue-light) and 12 min (6
periods of 2 min separated by 5 min of low blue light) and then with low intensities of
blue light. The Fv was measured 20 min after the last period of white light in order to
ensure the relaxation of the ﬂuorescence quenching related to the photoprotection
mechanism.
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and S. elongatus.
We also performed a series of longer photoinhibitory treatments.
The cells were illuminated with 4 and 6 periods of 2 min of saturating
white light. Between the high-light periods and at the end of thewhite
light illumination the cells were illuminated with low intensities of
blue-green light (20 min). After the relaxation of the ﬂuorescence
quenching associated to the photoprotective mechanism, the variable
ﬂuorescence (Fv=Fm'−Fo) was measured and compared to the initial
Fv as a measure of photoinhibition (Table 2). Longer illumination
induced higher Fv loss in all strains, but the Fv loss was more
pronounced in the strains lacking the OCP. Moreover, the loss of
variable ﬂuorescence seemed to be negatively correlated to the NPQinduction: after 12 min of high-light illumination (6 periods of 2 min)
S. elongatus and T. elongatus lost about 60% of initial Fv, Synechocystis
and A. maxima (low NPQ) about 40% and A. maxima (high NPQ) about
30% (Table 2). It is also of note that a larger Fv decrease was induced in
T. elongatus cells than in S. elongatus suggesting a slightly higher
sensitivity to high light of the former strain.
3.6. State transitions under iron starvation
We also tested the behavior of these strains under different light
qualities. We recorded ﬂuorescence traces of dark-adapted iron-
replete and iron-depleted A. maxima, S. elongatus and T. elongatus
cells successively illuminated by dim blue-green light and dim orange
light (Fig. 9). As mentioned above, dark-adapted cyanobacteria cells
are typically in State 2 [44,45]. Upon illumination of iron-replete cells
by low blue-green light an increase of the maximal ﬂuorescence level
(Fm') was observed and State 1 was reached. When the blue-light
acclimated cells were illuminated with orange light, efﬁciently
absorbed by phycocyanobilin-rich PBs and preferentially transferred
to PSII thus inducing the reduction of the PQ pool, a decrease of the
Fm' level, characteristic of the transition to State 2, was observed (Fig.
9A, C and E). The kinetics of state transitions were slower in S.
elongatus cells compared to the other two strains (Fig. 9). State
transitions were completely inhibited in 10 days iron-starved A.
maxima, S. elongatus and T. elongatus cells (Fig. 9B, D and F,
respectively). Fm' remained at the dark Fmd level during the blue
Fig. 9. State transitions in T. elongatus (A, B), A. maxima (C, D) and S. elongatus (E, F) in the presence (A, C, E) (+Fe) and absence of iron (B, D, F) (−Fe). Dark-adapted iron-replete and
10 days iron-starved T. elongatus, A. maxima and S. elongatus cells (at 3 μg Chl mL−1) were illuminated successively with low blue-green light (400–550 nm, 80 μmol photons m−2 s−1)
and dim orange light (20 μmol photons m−2 s−1), and then again with dim blue-green light. Fluorescence yield changes were detected with a PAM ﬂuorometer and saturating pulses
were applied to measure maximal ﬂuorescence levels.
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intensity of orange light, the Fs level was higher in iron-starved cells
than in non-starved cells, indicating a higher concentration of QA- and
close reaction centers. This is in accordance with a more reduced PQ
pool due to the higher PSII to PSI ratio in iron-starved cells and to a
restricted photosynthetic intersystem electron transport [63].
4. Discussion
We recently demonstrated that the OCP is essential for the buildup
of blue-green-light induced NPQ in Synechocystis PCC 6803, and we
here extend this observation to other cyanobacteria strains. Many
cyanobacteria, within a large phylogenetic range and from diverse
habitats, contain homologs of the Synechocystis slr1963 gene,
suggesting that this cyanobacterial gene plays an important role inthe physiology of these organisms. We studied seven of these strains,
showed that the whole OCP protein is present in all of them and that
they are all able to perform blue-green light induced NPQ. In contrast,
in the OCP-lacking strains we tested, the mechanism appeared to be
inexistent. These results thus strongly suggest that blue-green light
induced NPQ existence is correlated to the presence of the OCP gene.
A number of cyanobacterial genomes contain gene fragments
encoding either the C- or the N-terminal part of the OCP. In Nostoc
punctiforme several of the N-terminal paralogs are expressed [64] but
we do not know if this is also the case in other cyanobacteria. Our
results showed that in T. elongatus, the resulting proteins, if they are
translated, do not allowNPQ induction. The function of the OCPN- and
C-terminal gene products, if they have one, is still to be determined. It
is also possible that these dispersed, more or less conserved gene
fragments are the result of successive duplication and recombination
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function in the cell.
A question that remains open is why a few strains of cyanobacteria
do not contain the OCP and its associated photoprotective mechanism.
Their absence in the thermophilic cyanobacteria such as T. elongatus
could be explained by their peculiar ecological niche, but the cases of
the freshwater S. elongatus PCC 7942, PCC 6301 strains and the marine
Synechococcus CC9605 and Crocosphaera watsoniiWH8501 strains are
more intriguing, since they share their habitat with OCP-containing
cyanobacteria.
The presence or absence of the OCP does not affect state
transitions. Iron-replete cells of all tested strains were in State 2
under dark and orange light conditions and in State 1 under low blue-
light conditions. Illumination of iron-starved cells by blue light did not
induce an increase of ﬂuorescence as already observed by Ivanov et al.
[58]. Moreover, orange illumination of blue-light adapted cells did not
induce any change of ﬂuorescence. Thus in all iron-starved cells state
transitions were inhibited.
It has been shown in a Synechocystis OCP-lacking mutant, which is
unable to induce NPQ, that high-light sensitivity is enhanced. The
oxygen evolving activity decreased faster in the mutant than in the
wild-type when exposed to high light [20]. The mutant moreover lost
35% of its initial FV, while the wild-type lost only 15% after 2 min of
high-light illumination [20]. Our results strongly suggest that strains
containing the OCP and showing blue-green light induced NPQ are
more resistant to episodes of high-light irradiance than strains lacking
the OCP. It is delicate to compare the light sensitivity of different
strains exhibiting different PSI to PSII ratio and PB content. The rate of
photoinhibition depends on the energy arriving to the PSII and on the
balance between PSII and PSI activities: bigger antenna and/or more
reduced PQ pool induce stronger photoinhibition at a same light
intensity [13,14,16]. Our results however suggest a relationship
between the resistance to high light and the ability to perform blue-
green light induced NPQ, independently of these physiological ratios.
S. elongatus and T. elongatus, which cannot induce NPQ, indeed show
different PSI to PSII and phycobiliprotein to Chl ratios and they
presented the largest sensitivity to high light. On the other hand,
although 15-days iron-starved A. maxima cells presented higher PSII
to PSI ratio and higher PBs to Chl ratio than non-starved cells, they
were more resistant to high-light intensities, displaying a stronger
NPQ.
Our results showed that most changes of the photosynthetic
apparatus induced by iron starvation were independent of the
presence or absence of OCP. Indeed, in the iron-starved cells of all
the studied strains containing or lacking OCP, we observed the
accumulation of the ring-forming IsiA protein typically indicated by
the blue shift of the 683 nm Chl absorption peak [29,30] and the 77 K
ﬂuorescence PSI emission [29,57,60,61], with a speciﬁc increase of the
685 nm 77 K ﬂuorescence emission [59]. In addition, the content of PC
and Chl as well as that of PSI and PSII was lower in iron-deplete than in
iron-replete cells [49–52].
Iron-starved Synechocystis PSII-less [38], IsiA-less and WT cells
[21] accumulate functionally disconnected, highly ﬂuorescent PBs
with an increase of blue-green light induced NPQ, concomitantly to an
increase of the OCP to Chl ratio [21]. Here, we showed that another
OCP-containing strain, A. maxima, behaves as Synechocystis under iron
starvation. Extended iron-starved A. maxima cells indeed presented a
higher Fo level and a large 685 nm ﬂuorescence emission peak in the
77 K ﬂuorescence spectrum (excitation at 600 nm) indicating an
increase of functionally disconnected PBs. In these iron-depleted cells,
an increased NPQ, probably related to the higher OCP to Chl ratio, was
observed. In contrast, in the OCP-lacking strains, appearance of
functionally disconnected PBs was completely avoided by quickly
decreasing the phycobiliprotein cell content. The phycobiliprotein to
Chl absorbance ratio decreased during iron starvation in these strains,
while remaining constant in Synechocystis and A. maxima cells. Theseresults support the hypothesis that these functionally disconnected
PBs are ‘dangerous’ for the cells because they may transfer excess
absorbed energy to the thylakoids. This may induce oxidative damage
(e.g. peroxidation of lipids) that cannot be thermally dissipated at the
level of the PBs or the IsiA complexes [21,31]. Thus, when
cyanobacteria are unable to reduce the amount of energy arriving to
the thylakoids from the PBs, they protect themselves by decreasing
the PB to photosystem ratio.
5. Conclusions
Our study suggests that most cyanobacteria protect themselves
from light ﬂuctuations using the energy dissipation OCP-PB mechan-
ism previously discovered in Synechocystis. The few strains unable to
perform this process are more sensitive to photoinhibitory conditions
and have adopted different physiological strategies to endure stressful
conditions such as iron-deﬁciency. If the OCP is as widespread in
nature as it seems to be, its presence in the cyanobacterial radiation
has played a key role in the ability of these organisms to regulate light
utilisation, and has allowed them to thrive in many ecological niches.
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